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HIGH DIELECTRIC CONSTANT METAL SILICATES FORMED 
BY CONTROLLED METAL-SURFACE REACTIONS 

Cross-Reference to Related Applications 
The present application claims priority to Provisional Application No. 
60/220,463 filed July 20, 2000, the disclosure of which is incorporated herein 
by reference in its entirety. 

Field of the Invention- 
The invention generally relates to insulation layers on semiconductor 
substrates, along with methods of forming the same, and microelectronic 
devices that include the-insulation layers. 

Background of the Invention 
There is an increasing interest in forming advanced complementary 
metal-oxide semiconductor (CMOS) devices. In is generally believed that 
such devices may require high dielectric constant (high-k) gate insulators to 
maintain sufficient capacitance while minimizing tunneling. Physical vapor 
deposition (PVD) and chemical vapor deposition (CVD) of high-k materials 
often results in lower-k interface layers that are believed to result from 
unwanted reactions with the silicon substrate. See e.g., K.A. Son et al., J. 
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Vac. Sci. TechnoL A 16, 1670-1675 (1998), B.H Lee et al., Appi Phys. Lett. 
76, 1926 (2000), G.B. Alers et al., Appi Phys. Lett. 73, 1517-1519 (1998), 
S.K. Kang et al., Thin Sol. Films 353, 8-11 (1999), and T.M. Klein et al., Appi 
Phys. Lett. 75, 4001-4003 (1999). These reactions are believed to result from 
the non-equilibrium nature of the deposition. High-k CVD from metal-organic 
sources on clean silicon (Si) typically involves the breaking of a metal-ligand 
bond, chemisorption of the metal complex, forming, for example, metal-silicon, 
silicon-carbon, silicon-hydroxide bonds, and the like, and subsequent 
oxidation. 

Notwithstanding these previous efforts, there remains a need in the art 
for metal silicate insulators that have high dielectric constants which may be 
employed in advanced electronic devices without markedly increasing current 
leakage or tunneling through a corresponding gate stack. 

Summary of the Invention 
In one aspect, the invention provides a method of forming an 
insulation layer on a semiconductor substrate. The method comprises 
modifying a surface of a semiconductor substrate with a metal or a metal- 
containing compound and oxygen to form an insulation layer on the surface of 
the semiconductor substrate, wherein the insulation layer comprises the metal 
or metal-containing compound, oxygen, and silicon such that the dielectric 
constant of the insulation layer is greater relative to an insulation layer formed 
of silicon dioxide, and wherein the insulation layer comprises metal-oxygen- 
silicon bonds. 

In another aspect, the invention provides a surface-modified 
semiconductor substrate comprising a semiconductor substrate comprising 
silicon; and an insulation layer formed on a surface of the semiconductor 
substrate. The insulation layer comprises a metal or metal-containing 
compound, oxygen, and silicon such that the dielectric constant of the 
insulation layer is greater relative to an insulation layer formed of silicon 
dioxide, and the insulation layer also comprises metal-oxygen-silicon bonds. 
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In another aspect, the invention provides a microelectronic device 
comprising the surface-modified semiconductor substrate described above. 

These and other aspects and advantages of the present invention are 
set forth in greater detail herein. 

Brief Description of the Drawings 

FIG. 1 illustrates an embodiment of a system used to sputter metal and 
perform anneals according to the invention. 

FIG. 2 illustrates capacitance vs. voltage (C-V) curves for various films 
fabrication in accordance with the invention.. 

FIG. 3 illustrates an MHz C-V curve for an AI/Y-O-Si/n- and p-type 
capacitors. 

FIGS. 4a and 4b illustrate Si 2p and N 1s spectra for silicon surface 
pretreatments on substrates. 

FIGS. 5a through 5c illustrate Y 3d, Si 2p, and O 1s regions of the XP 
spectra for yttrium silicate films formed on various substrates. 

FIGS. 6a through 6c illustrate Y 3d, Si 2p, and O 1s spectra for various 

films. 

Detailed Description of the Preferred Embodiments 
The invention will now be described in detail with reference to the 
following embodiments set forth herein, including, without limitation, those 
embodiments described in the drawings. It should be appreciated that these 
embodiments merely sen/e to illustrate the invention and do not limit the 
scope of the invention. 

In one aspect, the invention provides a method of forming an insulation 
layer on a semiconductor substrate. The method comprises modifying a 
surface of a semiconductor substrate with a metal or a metal-containing 
compound and oxygen to form an insulation layer on the surface of the 
semiconductor substrate. The insulation layer comprises the metal or metal- 
containing compound, oxygen, and silicon such that the dielectric constant of 
the insulation layer is greater relative to an insulation layer formed of silicon 
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dioxide having, for example, a similar thickness. Metal-oxygen-silicon bonds 
are present in the insulation layer. 

The silicon semiconductor substrate utilized in accordance with the 
invention may include various materials such as, without limitation, silicon, 
silicon carbide, gallium arsenide, gallium nitride, and combinations thereof. 
The selection of such substrates is known to one skilled in the art. 

Any number of metals can be used for the purposes of the invention. 
Examples of such metals include, without limitation, yttrium, lanthanum, 
scandium, zirconium, halfnium, cesium, aluminum, and combinations thereof. 
Metal-containingcompounds can include, as an example, alloys and 
oxides of the metals set forth herein. Alloys include without limitation, 
aluminates of any of the above metals. Metal oxides of any of the above 
metals may also be utilized. Exemplary metal oxides include, without 
limitation, Y 2 0 3 , Ta 2 0 5 , Hf0 2 , and Zr0 2 , La 2 0 3 , as well as combinations 
thereof. 

The insulation layers of the invention may be made so as to have 
various thicknesses. In one embodiment, the insulation layer preferably has a 
thickness ranging from about 5 A to about 100 A. 

Advantageously, the insulating layers of the invention have improved 
dielectric constants relative to layers formed from silicon dioxide. In one 
preferred embodiment, the insulation layer has a dielectric constant which is 
at least a factor of 3 greater relative to an insulation layer that does not 
include the metal or metal-containing compound, i.e., an Si0 2 insulation layer. 
More preferably, the insulation layer has a dielectric constant which is a factor 
ranging from about 3, 4, or 5 to about 7, 8, 9, or 10 greater than an Si0 2 
insulation layer without the metal or metal-containing compound having a 
thickness similar to the insulation layer of the invention. Moreover, in a 
preferred embodiment the insulation layer of the invention has reduced 
defects relative to an Si0 2 insulation layer. In a preferred embodiment, the 
insulation layer as a defect density no greater than 10 12 defects/cm 2 . In a 
more preferred embodiment, the insulation layer as a defect density no 
greater than 10 11 defects/cm 2 . It is believed by judicious selection of 
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amounts of various components, one is able to achieve the benefits of 
invention with respect to the insulation layer. In one preferred embodiment, 
the insulation layer comprises of from about 2, 10, or 20 to about 25, 30, or 40 
atomic percent of the metal, from about 40, 45, or 50 to about 55, 60, or 66 
atomic percent of oxygen, and about or above 0, 5, 10, or 15 to about 20, 25, 
30, or 33 atomic percent of silicon. Additionally, in a preferred embodiment, 
the insulation layer has reduced leakage current relative to a layer of similar 
thickness of Si0 2 . As an example, the leakage current may be reduced by a 
factor preferably by at least a factor of 2, and more preferably by a factor 
ranging from about 2, 10, 100, or 500 to about 600, 800, or 1000. 

The method of the invention may be carried out in a number of 
embodiments, using equipment that is known in the art. In one embodiment, 
the modifying step of the invention includes forming an insulating layer on the 
semiconductor substrate; and subjecting the semiconductor substrate and 
insulating layer to conditions sufficient such that the metal or metal-containing 
compound react with the insulating layer to modify the insulating layer to 
increase the dielectric constant. Preferably, the step of subjecting the 
semiconductor substrate to conditions sufficient such that the metal or metal- 
containing compound forms the insulation layer includes subjecting the 
semiconductor substrate to a process selected from the group consisting of 
an annealing in a vacuum, annealing in an oxidizing ambient, and annealing 
iri a combined vacuum/oxidation ambient such that the insulation layer is 
formed. In another embodiment, the modifying step includes depositing the 
at least one metal or metal-containing compound by chemical vapor 
deposition or reactive atomic layer chemical vapor deposition. 

In one preferred embodiment, the modifying step of the invention 
includes oxidizing a surface of the semiconductor substrate to form a silicon 
dioxide layer thereon; then depositing at least one metal or metal-containing 
compound on the surface of the semiconductor substrate to form a layer 
thereon; and then annealing the semiconductor substrate to modify the 
surface of the semiconductor substrate. Preferably, prior to the oxidation 
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step, the surface of the semiconductor substrate may be cleaned by using 
accepted techniques. 

The oxidizing step may be carried out using various techniques known 
to one skilled in the art. Preferably, the oxidation is a plasma oxidation. 
Exemplary sources of oxygen include, but are not limited to, oxygen atoms, 
oxygen ions, oxygen metastables, oxygen molecular ions, oxygen molecular 
metastables, compound oxygen molecular ions, compound oxygen 
metastables, compound oxygen radicals, and mixtures thereof. Compounds 
that can be employed in as sources include, but are not limited to, 0 2 , N 2 O t 
and mixtures thereof. The oxidation may be carried out under a number of 
conditions. Preferred conditions for the oxidation is at a temperature ranging 
from about 25°C to about 900 °C and a pressure ranging from about 10' 3 Torr 
to about 760 Torr. In general, it is preferred that the processing conditions 
lead to an oxidation thickness ranging from about 2 to 15 A. 

The deposition of the metal or metal-containing compound may be 
carried out according to a number of techniques. In a preferred embodiment, 
the metal or metal-containing compound is deposited on the surface of the 
semiconductor substrate by employing a Chemical Vapor Deposition process 
or a plasma Chemical Vapor Deposition process. Specific examples of 
processes include, without limitation, a laser-assisted chemical vapor 
deposition, a direct or remote plasma assisted chemical vapor deposition, or 
an electron cyclotron resonance chemical vapor deposition. Examples of 
these processes are described in Serial No. 09/434, 607,filed November 5, 
1999, the disclosure of which is incorporated herein by reference in its 
entirety. Preferably, the metal or metal-containing deposition step is carried 
out at a temperature ranging from about 25°C to about 900°C and a pressure 
ranging from about 10" 3 Torr to about 760 Torr. In general, it is preferred that 
the processing conditions lead to an oxidation thickness ranging from about 2 
to 15 A. 

The annealing step used, in the above-mentioned embodiment may be 
carried out using equipment known to the skilled artisan. It is preferred that 
the annealing step take place by exposing the semiconductor substrate to an 
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inert ambient (e.g., N 2 , Ar, H, and/or moderate vacuum), preferably a 
nitrogen-containing atmosphere. Preferably, the annealing takes place at a 
temperature of from about 600°C to about 1 100 °C , a pressure ranging from 
about 10" 6 Torr to about 760 Torr, and a time ranging from about 1 sec. to 
about 10 min. 

In another embodiment, the oxidation step may be replaced by the step . 
of exposing the semiconductor substrate to nitrogen-containing atmosphere 
(e.g., N 2 ) utilizing plasma so as to form a nitrogen-containing film thereon, 
preferably in the form of a monolayer. Preferred conditions for this step occur 
at a temperature ranging from about 25°C to about 900 °C and a pressure 
ranging from about 10" 3 Torr to about 760 Torr. Preferably, a monolayer film 
of N 2 is formed on the substrate. Thereafter, a metal containing compound (in 
this embodiment, metal oxide) is deposited to form a layer on the nitrogen- 
containing film, and the substrate is annealed as described above. Silicon 
from the semiconductor substrate is believed to diffuse through the nitrogen 
layer and react with the metal and oxygen in the layer thereon to form metal- 
oxygen-silicon bonds in the insulation layer. 

In another aspect, the invention provides a surface-modified 
semiconductor substrate. The surface-modified semiconductor substrate 
comprises a semiconductor substrate comprising silicon and an insulation 
layer formed on a surface of the semiconductor substrate. The insulation 
layer comprises a metal or metal-containing compound, oxygen, and silicon 
such that the dielectric constant of the insulation layer is greater relative to an 
insulation layer formed of silicon dioxide without the metal or metal-containing 
compound. The insulation layer comprises metal-oxygen-silicon bonds. The 
semiconductor substrate and the insulation layer described in this aspect may 
encompass, without limitation, all embodiments set forth herein. 
In another aspect, the invention encompasses a microelectronic device 
comprising the surface-modified semiconductor substrate. Exemplary 
microelectronic devices which include the surface-modified semiconductor 
' substrate include, without limitation, thin film transistors, complementary metal 
oxide semiconductor (CMOS) gate dielectric devices, memory devices, back- 
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end integrated circuit (IC) applications, molecular electronic devices, and 
organic electronic devices In another embodiment, the microelectronic 
device may include elements electronically or physically coupled with 
semiconducting substrates. In general, the surface-modified semiconductor 
substrates can be used in microelectronic applications in which it is desirable 
to employ a substrate that has an interface with a higher dielectric constant 
relative to silicon dioxide. 

Examples 

The invention will now be described in detail with respect to the 
following examples. It should be appreciated that these examples are for 
illustrative purposes only, and are not meant to limit the scope of the invention 
as defined by the claims. 

In these examples, metal films (e.g., yttrium) were generally sputtered 
in a two-chamber vacuum system equipped with a load-lock and a plasma 
processing chamber 10 as illustrated in FIG. 1 which includes sputter target 1, 
plasma tube 2, and gas inlet 3 (e.g., Ar, N 2 0, and N 2 ). A base pressure of 1 x 
10" 7 Torr was attained in the load-lock using a hybrid-turbo and dry diaphragm 
pumping system. Silicon samples were transferred from the load-lock to a 
manipulator with full X, Y, Z, and 8 motion in the processing chamber. A base 
pressure of 5 x 10" 8 Torr in the processing chamber was achieved with a 
hybrid-turbo and dry scroll pump combination, which doubles as the process 
gas pumping system. The process pressure can be controlled from 1 to 100 
mTorr via a closed loop system containing a motorized 20 cm butterfly valve 
located directly above the hybrid-turbo and a capacitance monometer located 
near the sample in the processing chamber. The processing chamber is 
outfitted with a cylindrical plasma source that can be configured to run in a 
remote plasma mode to perform in situ silicon surface preparations and in a 
direct plasma mode to sputter yttrium (or other metals or metal-containing 
compounds) thin films. 

The cylindrical plasma source consisted of a 500 W, 1 3.56 MHz radio 
frequency (rf) power supply and an autotuned matching network, a quartz 
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plasma tube 5 x 15.25 cm (diameter x length), and an air-cooled excitation 
coil (grounded at one end) of 0.95 cm nominal diameter copper tubing with 
two turns of 12.7 cm diameter spanning 5 cm enclosed in a stainless steel 
electrostatic shield. The Ar f N 2 , and N 2 0 process gas flows were supplied to 
the chamber through the front of the plasma tube and regulated from 1 to 100 
seem (N 2 ) with mass flow controllers. The processing chamber was equipped 
with a retractable metal or metal-containing compound sputter target that can 
be isolated from the system by a gate valve. A 200 W dc power supply that 
provided up to -1000V of bias to the sputter target and a 600 W radiant 
heater that enabled substrate temperatures of up to 650°C were employed. 
Post-deposition vacuum anneals were performed in situ. The plasma 
processing chamber was also compatible with in situ plasma oxidation. In 
these examples, oxidation was performed ex situ from the processing 
chamber in a standard 10 cm diameter tube furnace at temperatures ranging 
from 500°C to 900°C in 1 atm N 2 0 or air. 

Substrates were n-(1.0 to 2.0 Q cm) or p-type (0.1 to 0.3 Q cm) Si(100) 
cut from commercial wafers into 2.5 x 2.5 cm samples. Samples were 
prepared by dipping for 5 min. in a tetramethylammonium hydroxide based 
alkaline solution with a caboxylate buffer, rinsing in deionized (Dl) water, 
etching in buffered hydrogen fluoride (HF) for 30 seconds with no final rinse, 
and loading immediately into vacuum. 

Sputtering in these examples was performed at room temperature in 
4.3 mTorr Ar and an rf power of 420 W. During sputtering, the metal target 
was fully extended into the plasma and biased at approximately 1000 V dc. In 
the case of yttrium, such metal is reactive, and residual oxygen or water in the 
system may affect the target surface and sputter rate. To potentially control 
this situation, the target was conditioned before loading samples and 
performing runs by sputtering for 30 to 60 minutes at standard conditions. 
The target current typically was observed to decrease from approximately 10 
to 5 mA during this time, and the target was considered clean when the 
current stabilized at approximately 5 mA. For various embodiments, the 
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samples were rotated into the line-of-sight of the target at a distance of 
approximately 1.25 cm from the sputtering target. 

To calibrate the metal (e.g., yttrium) sputter rate, a series of metal (e.g., 
yttrium) films with thicknesses of from 200 A to 1000 A were blanket 
deposited onto 1 000 A of wet oxidized Si0 2 . After deposition, one-half of 
each sample was masked with photoresist and soft baked for 2 min at 70°C. 
The masked samples were then etched in Al etch (phosphoric/nitric/acetic 
acid mixture), rinsed in Dl water and dried with N 2 . After etching, the 
photoresist was stripped in acetone, although other solvents may be used. 
The samples were then rinsed in Dl water and dried with N 2 . Film thicknesses 
were determined by taking five step height measurements across the sample 
with an Alpha-Step 500 and taking the average value. Uniformity across the 
sample was estimated to be approximately 85 percent. The average 
thickness was plotted versus sputter time, and the sputter rate was taken as 
the slope of the least-squares fit. The fits with the y intercept set at zero were 
excellent (R 2 approximately equal to 0.998). The sputter deposition rate was 
approximately 40 A/min. Metal (e.g., yttrium) film thicknesses for each run 
were determined by monitoring the sputter time while maintaining a constant 
sputter rate. The conditions for plasma ignation and stabilization were 
achieved using an autotuned matching network. Typical thin metal 
(approximately 8 A) films required a sputter time of 12 s. Plasma initiation 
was rapid (less than 1 sec) and, therefore, not expected to affect the initial 
sputter rate. 

Silicide films in these examples were prepared by sputtering metal 
(e.g., yttrium) onto HF-last silicon at room temperature and in situ annealing in 
vacuum (maximum pressure was approximately 5 x 10 Torr). The 
temperature ramp for the annealing step was performed at approximately 
0.5°C/s up to a temperature of 600°C where the sample was held for 20 min. 
During the annealing step, the metal (e.g., yttrium) sputter target was isolated 
from the system. After annealing, the silicide films were allowed to cool in 
vacuum for 5 min. and in 1 atm N 2 for an additional 5 min. The metal/silicon 
system is believed to form the following phases in an embodiment employing 
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yttrium: YSt 0 . 6 , Y Si 0 . 8 > YSi, and YSi 16 7 phases with YSii. 6 7 being the phase 
formed when yttrium is annealed on silicon as reported. See e.g., Y.K. Lee, et 
al., J. Alloys Compd. 193, 289 (1993) and Binary Alloy Phase Diagrams, Vol. 
2, edited by T.B. Massalski (American Society for Metals, Metals Park, OH 
1986). 

Oxidation was performed ex situ in the furnace described herein at 
temperatures ranging from 500°C and 900°C at times ranging from 6 sec" to 
20 min. Samples. were placed onto a quartz boat and quickly (approximately 
1 sec.) pushed by hand to the center of the furnace, and the oxidation time 
was the time the sample spent at the center of the furnace. N 2 0 and air were 
employed as oxidizers. When N2O was used as the oxidizer, the flow rate 
was 5 slm (N 2 ). 

X-ray photoelectron spectroscopy, medium energy ion scattering, 
electrical measurements, Fourier transform infrared spectroscopy, atomic 
force microscopy, and transmission electron microscopy for evaluating 
various film and sample properties were carried out for as described in J.J. 
Chambers et al. Journal of Applied Physics, 90 (2) pp. 918-933 (2001). 

Example 1 

Surface Modification of Semiconductor Substrate 

A silicon semiconductor substrate is exposed to a plasma N 2 
atmosphere such that a thin layer of N 2 is formed thereon. Thereafter, a metal 
oxide is deposited on the substrate surface using a CVD or plasma CVD 
process at 400°C. The layer is then annealed at 900°C in a nitrogen (N 2 ) 
atmosphere for 10 minutes. Silicon diffuses through the nitrogen layer and 
reacts with the metal oxide such that metal-oxygen-silicon bonds are formed 
therein. 

The C-V curve is set forth in FIG. 2. As seen, the curve corresponding 
to this example (labeled (2)) exhibits an EOT of 25 A that is comparable to an 
EOT of 24.4 A for.bare Si, corresponding to the curve labeled (1). 
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Example 2 

Surface Modification of Semiconductor Substrate 
The procedure according to Example 1 is repeated except that the 
substrate is first subjected to a plasma oxidation instead of nitrogen. Metal is 
then deposited thereon by a CVD or plasma CVD process, and the substrate 
is annealed. 

The C-V curve is set forth in FIG. 2. As seen, the curve corresponding 
to this example (labeled (3)) exhibits an EOT of 37.7 A that is favorable to the 
curve labeled (1). 

Example 3 

Capacitance-Voltage (C-V) Curve for a Y-O-Si Film 

Y-O-Si films (approximately 40 A thick) were formed by oxidizing 
approximately 8 A of yttrium on silicon. The oxidation was carried out at 
900°C for 15 seconds in 1 atm of N 2 0. 

Analysis of the C-V curve for the film formed on n-type Si substrate is 
presented in FIG. 3 yields an EOT of 12 A. Arguably comparable films 
typically exhibit leakage current of 0.5 A/cm. Since a thickness of 42 A is 
approximated for films undergoing similar processing, a k of roughly 14 is 
estimated for the Y-O-Si film. The flatbed voltage (V^) is measured at -0.74 
V which is shifted -0.68 V from the expected V to for an ideal capacitor. 

Example 4 

Capacitance-Voltage (C-V) Curve for a Y-O-Si Film 
The procedure according to Example 4 was carried out on a p-type Si 
substrate and the C-V curve is presented as set forth in FIG. 3. Analysis of 
the C-V curve for this film yields an EOT for 1 1 A. The flatbed voltage (Vfb) 
is measured at -1 .63 V which is shifted -0.84 V from the expected Vfb for an 
ideal capacitor. 
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Example 5 

Silicon Consumption During Oxidation 

The consumption of silicon during oxidation of yttrium films is disclosed 
using the following pretreatments in the following embodiments labeled in 
FIGS. 4a and 4b as: (1) clean silicon, (2) oxidized silicon, (3) nitrided- 
oxidized silicon, and (4) nitrided silicon. The thickness of the plasma surface 
treatments is estimated using the attenuation of the silicon substrate peak as 
5 A to 10 A. FIG. 4a illustrates the Si 2p spectra and FIG. 4b the N 1s 
spectra of the silicon surface pretreatments before yttrium deposition and 
oxidation. The silicon substrate peak (99.3 eV) in the Si 2p spectra (Fig. 6a) 
is clearly visible for each pretreatment. A high binding energy (102-103 eV) . 
feature is believed to be observed in the Si 2p spectra fop each of the plasma 
treated surfaces (FIG. 4a curves.(2)-(4)), but not. for the clean silicon surface 
(FIG. 4a curve (1)). The feature at 1 03.3 eV for the plasma oxidized silicon 
(FIG. 4a curve (2)) and plasma' oxidized silicon followed by nitridation (FIG. 4a 
curve (3)) is assigned to Si0 2 . The feature at 102.4 eV on the plasma nitrided 
silicon (FIG. 4a curve (4)) surface is assigned to silicon bound to nitrogen. 

The thickness of the oxidized silicon and nitrided silicon layers was estimated 

«, 

from the attenuation of the Si° feature to range approximately from 5 A to 10 
A. Little if any detectable nitrogen is observed on the surface of the cleaned 
silicon (FIG. 4b curve (1)). The N 1s spectra for the plasma oxidized silicon 
(FIG. 4b curve (2)), plasma oxidized silicon followed by nitridation (FIG. 4b 
curve (3)) and the plasma nitrided silicon (FIG. 4b curve (4)) all display a 
nitrogen feature near 398 eV. The plasma nitrided silicon is believed to 
contain the most nitrogen, but the N 1s feature of the plasma nitrided-oxidized 
silicon pretreatment is larger (approximately 70 percent) in area than the N 1s 
of the plasma oxidized silicon. 

Example 6 
Elemental Spectra of Deposited Film 
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FIGS. 5a through 5c illustrate the Y 3d (FIG. 5a), Si 2p (FIG. 5b) and 
the O Is (FIG. 5c) spectra after yttrium deposition and oxidation for 
embodiments represented by curves (1)-(4) set forth in Example 5. For 
oxidation of yttrium deposited onto clean silicon (FIG. 5a curve (1)), the Y 
3d 5 /2 peak is measured at 158.3 eV consistent with a Y-O-Si film. The Y 3d 5/2 
peak positions for the films formed on oxidized silicon (FIG. 5a curve (2)) and 
oxidized silicon with nitridation (FIG. 5a curve (3)) are measured near 158.3 
eV, with perhaps slight shifting to lower binding energy for the film formed on 
the nitrided-oxide. However, when yttrium is deposited on nitrided silicon and 
oxidized (FIG. 5a curve (4)), the Y 3d 5/2 peak is observed to shift 0.8 eV to 
lower binding energy compared to the Y 3d position of the Y-O-Si film formed 
on clean silicon. As the Y 3d peak shifts to lower binding energy, it is believed 
to moves toward the expected peak position for Y 2 0 3 (156.8 eV) which 
suggests an increase Y-O-Y bonding. A silicon substrate feature at 99.3 eV 
and a feature at approximately 102 eV are observed in the Si 2p spectra (FIG. 
5b curves (1-4)) for the films formed on each silicon surface pretreatment. 
The Si 2p spectrum for the film formed on clean silicon (FIG. 5b curve (1)) 
exhibits a peak at 102.2 eV consistent with a Y-O-Si film. The Si 2p spectra 
for the films formed on oxidized silicon (FIG. 5b curve (2)) and nitrided- 
oxidized silicon (FIG. 5b curve (3)) exhibits similar features at approximately 
102 eV. The spectrum for the plasma-oxidized silicon from FIG. 5a curve (2) 
is reproduced in FIG. 5b curve (2 1 ) for reference. The feature at 102.0 eV for 
the film formed on nitrided silicon (FIG. 5b curve (4)) is shifted 0.2 eV toward 
lower binding energy and is approximately 50 percent of the area of the film 
formed on clean silicon. The O 1s peak at 532.0 eV measured for the Y-O-Si 
film formed on clean silicon (FIG. 5c curve (1)) is observed in this instance to 
be a broad peak which is believed to result from the combined effects of 
oxygen bound to yttrium and oxygen bound to silicon. Slight shifting of the O 
1s peak maximum is observed when comparing the spectra for the films 
formed on oxidized silicon (FIG. 5c curve (2)), nitrided-oxidized silicon (FIG. 
5c curve (3)) and nitrided silicon (FIG. 5c curve (4)) to the spectrum for the 
film formed on clean silicon (FIG. 5c curve (1)). However, the most 
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pronounced difference between these spectra are observed to be the 
shoulders at approximately 530.0 eV observed in the O 1 s spectrum of the 
films formed on nitrided-oxidized silicon and nitrided silicon. The shoulders at 
approximately 530.0 eV are near the expected binding energy for O Is in 
Y 2 0 3 (529.5 eV) and indicate an increase in the O-Y-O bonding in the films. 

Example 7 
Elemental Spectra of Deposited Film 

Y 3d, Si 2p, and O 1s spectra are illustrated in FIGS. 6a through 6c, 
respectively. These spectra are measured for a 40 A thick Si0 2 and a yttrium 
film having an approximate thickness of 25 A on 40 A Si0 2 annealed in 
vacuum at 600°C for 2 minutes. 

In general, these figures illustrate the XPS results for yttrium on Si0 2 
annealed at 600 °C in vacuum for 2 minutes. The spectrum for the 40 A Si0 2 
is presented as a comparison. The Y 3d 5 /2 (FIG. 6a), Si-O Si 2p (FIG. 6b) and 
O 1s (FIG. 6c) peaks for yttrium on Si0 2 annealed in vacuum are measured at 
158.2, 102.0 and 531.7 eV, similar to the peaks for the yttrium film on Si0 2 
oxidized at 600°C and 900°C. The Si-O feature (FWHM = 2.3 eV) for the 
yttrium on silicon annealed in vacuum exhibits little if any presence of Si0 2 . 
The O 1s peak is a broad peak (FWHM = 3.1 eV) resulting from oxygen 
bound to yttrium and silicon. 

The spectra as presented in these figures are believed to suggest the 
conversion of Si0 2 to Y-O-Si when yttrium on silicon is exposed to oxidizing or 
vacuum annealing conditions. 

The invention will now be described in reference to the claims, the 
scope of which are not limited by the embodiments referred to hereinabove. 
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1 . A method of forming an insulation layer on a semiconductor 
substrate, said method comprising: 

modifying a surface of a semiconductor substrate with a metal or a 
metal-containing compound and oxygen to form an insulation layer on the 
surface of the semiconductor substrate, wherein the insulation layer 
comprises the metal or metal-containing compound, oxygen, and silicon such 
that the dielectric constant of the insulation layer is greater relative to an 
insulation layer formed of silicon dioxide, and wherein the insulation layer 
comprises metal-oxygen-silicon bonds. 

2. The method according to Claim 1, wherein the semiconductor 
substrate comprises at least one material selected from the group consisting 
of silicon carbide, gallium arsenide, gallium nitride, and combinations thereof. 

3. The method according to Claim 1 , wherein the metal is selected 
from the group consisting of yttrium, lanthanum, scandium, zirconium, 
halfnium, cesium, aluminum, and combinations thereof, 

4. The method according to Claim 1, wherein the metal-containing 
compound is an alloy which is an aluminate. 

5. The method according to Claim 1, wherein the metal-containing 
compound is an alloy comprising at least one metal selected from the group 
consisting of yttrium, lanthanum, scandium, zirconium, halfnium, cesium, 
aluminum, and combinations thereof 

6. The method according to Claim 1, wherein the metal-containing 
material is a metal oxide. 
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7. The method according to Claim 1, wherein the insulation layer 
has a defect density no greater than 10 12 atoms/cm 2 . 

8. The method according to Claim 1 , wherein the insulation layer 
comprises of from about 2 to about 40 atomic percent of the metal, from 
about 40 to about 66 atomic percent of oxygen, and about or above 0 to about 
33 atomic percent of silicon. 

9. The method according to Claim 1 , wherein the insulation layer 
has a dielectric constant which is at least a factor of 3 greater relative to an 
insulation layer that does not include the metal or metal-containing compound. 

10. The method according to Claim 1 , wherein the insulation layer 
has a thickness ranging from about 5 A to about 100 A. 

1 1 . The method according to Claim 1 , wherein said modifying step 
comprises forming an insulating layer on the semiconductor substrate; and 
subjecting the semiconductor substrate and insulating layer to conditions, 
sufficient such that the metal or metal-containing compound react with the 
insulating layer to modify the insulating layer to increase the dielectric 
constant. 

12. The method according to Claim 1 1 , wherein said step of 
subjecting the semiconductor substrate to conditions sufficient such that the 
metal or metal-containing compound forms the insulation layer comprises 
subjecting the semiconductor substrate to a process selected from the group 
consisting of an annealing in a vacuum, annealing in an oxidizing ambient, 
and annealing in a combined vacuum/oxidation ambient such that the 
insulation layer is formed. 
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13. The method according to Claim 1, wherein said modifying step 
comprises subjecting the semiconductor substrate to an annealing/oxidation 
ambient to form the insulation layer. 

14. The method according to Claim 1 , wherein said modifying step 
comprises depositing the at least one metal or metal-containing compound by 
chemical vapor deposition or reactive atomic layer chemical vapor deposition. 

15. The method according to Claim 1 , wherein said modifying step 
comprises: 

oxidizing a surface of the semiconductor substrate to form a silicon 
dioxide layer thereon; 

depositing at least one metal or metal-containing compound on the 
surface of the semiconductor substrate; and 

annealing the semiconductor substrate to modify the surface of the 
semiconductor substrate. 

16. The method according to Claim 15, wherein said step of 
oxidizing the semiconductor substrate to form a silicon dioxide layer thereon is 
a plasma oxidation. 

17. The method according to Claim 15, wherein the at least one 
metal or metal-containing compound is a metal oxide and wherein said step of 
depositing the at least one metal or metal-containing compound on the 
surface of the semiconductor substrate comprises employing a Chemical 
Vapor Deposition process or a plasma Chemical Vapor Deposition, process. 

18. The method according to Claim 15, wherein said step of 
annealing the semiconductor substrate comprises exposing the 
semiconductor substrate to a nitrogen-containing atmosphere. 
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19. The method according to Claim 1, wherein said modifying step 
comprises: 

exposing the semiconductor substrate to nitrogen-containing 
atmosphere to form a nitrogen-containing film thereon; 

depositing at least one metal oxide compound on the surface of the 
nitrogen-containing film; and 

annealing the semiconductor substrate to modify the surface of the 
semiconductor substrate. 

20. A surface-modified semiconductor substrate comprising: 
a semiconductor substrate comprising silicon; and 

an insulation layer formed on a surface of the semiconductor substrate, 
said insulation layer comprises a metal or metal-containing compound, 
oxygen, and silicon such that the dielectric constant of the insulation layer is 
greater relative to an insulation layer formed of silicon dioxide, and wherein 
the insulation layer comprises metal-oxygen-silicon bonds. 

21 . The substrate according to Claim 20, wherein the semiconductor 
substrate comprises at least one material selected from the group consisting 
of silicon carbide, gallium arsenide, gallium nitride, arid combinations thereof. 

22. The substrate according to Claim 20, wherein the metal is 
selected from the group consisting of yttrium, lanthanum, scandium, 
zirconium, halfnium, cesium, aluminum, and combinations thereof. 

23. The substrate according to Claim 20, wherein the 
metal-containing compound is an alloy which is an aluminate. 

24. The substrate according to Claim 20, wherein the metal- 
containing compound is an alloy comprising at least one metal selected from 
the group consisting of yttrium, lanthanum, scandium, zirconium, halfnium, 
cesium, aluminum, and combinations thereof. 
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25. The substrate according to Claim 20, wherein the 
metal-containing material is a metal oxide. 

26. The substrate according to Claim 20, wherein the 
insulation layer has a defect density no greater than 10 12 atoms/cm 2 . 

27. The substrate according to Claim 20, wherein the insulation 
layer comprises of from about 2 to about 40 atomic percent of the metal, from 
about 40 to about 66 atomic percent of oxygen, and about or above about 0 to 
about 33 percent of silicon. 

28. The substrate according to Claim 20, wherein the 

insulation layer has a dielectric constant which is at least a factor of 3 greater 
relative to an insulation layer that does not include the metal or metal- 
containing compound. 

29. The substrate according to Claim 20, wherein the 
insulation layer has a thickness ranging from about 5 A to about 100 A. 

30. A microelectronic device comprising the surface-modified 
semiconductor substrate as recited by Claim 20. 

31. The microelectronic device according to Claim 30, wherein the 
microelectronic device is selected from the group consisting of a thin film 
transistor, a CMOS gate dielectric device, a memory device, a molecular 
electronic device, and an organic electronic device. 

32. The microelectronic device according to Claim 30, wherein the 
microelectronic device comprises elements electronically or physically 
coupled with semiconducting substrates. 



-20- 



WO 02/09167 



PCT/US01/22711 



33. The microelectronic device according to Claim 30, wherein the 
semiconductor substrate comprises at least one material selected from the 
group consisting of silicon carbide, gallium arsenide, gallium nitride, and 
combinations thereof. 

34. The microelectronic device according to Claim 30, wherein the 
metal is selected from the group consisting of yttrium, lanthanum, scandium, 
zirconium, halfnium, cesium, aluminum, and combinations thereof. 

35. The microelectronic device according to Claim 30, wherein the 
metal-containing compound is an alloy which is an aluminate, 

36. The substrate according to Claim 30, wherein the metal- 
containing compound is an alloy comprising at least one metal selected from 
the group consisting of yttrium, lanthanum, scandium, zirconium, halfnium, 
cesium, aluminum, and combinations thereof. 

37. The microelectronic device according to Claim 30, wherein the 
metal-containing material is a metal oxide. 

38. The microelectronic device according to Claim 30, wherein the 
insulation layer has a defect density no greater than 10 12 atoms/cm 2 . 

39. The microelectronic device according to Claim 30, wherein the 
insulation layer comprises of from about 2 to about 40 atomic percent of the 
metal, from about 40 to about 66 atomic percent of oxygen, and about or 
above about 0 to about 33 percent of silicon. 

40. The microelectronic device according to Claim 30, wherein the 
insulation layer has a dielectric constant which is at least a factor of 3 greater 
relative to an insulation layer that does not include the metal or metal- 
containing compound. 
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41 . The microelectronic device according to Claim 30, wherein the 
insulation layer has a thickness ranging from about 5 A to about 100 A. 
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